Abstract Electrochemical water treatment technologies are highly promising to achieve complete decolorization of dyebath effluents, as demonstrated by several studies reported in the literature. However, these works are focused on the treatment of one model pollutant and generalize the performances of the processes which are not transposable since they depend on the pollutant treated. Thus, in the present study, we evaluate, for the first time, the influence of different functional groups that modify the dye structure on the electrochemical process decolorization performance. The textile azo dyes Reactive Orange 16, Reactive Violet 4, Reactive Red 228, and Reactive Black 5 have been selected because they present the same molecular basis structure with different functional groups. The results demonstrate that the functional groups that reduce the nucleophilicity of the pollutant hinder the electrophilic attack of electrogenerated hydroxyl radical. Thereby, the overall decolorization efficiency is consequently reduced as well as the decolorization rate. Moreover, the presence of an additional chromophore azo bond in the molecule enhances the recalcitrant character of the azo dyes as pollutants. The formation of a larger and more stable conjugated π system increases the activation energy required for the electrophyilic attack of • OH, affecting the performance of electrochemical technologies on effluent decolorization.
Introduction
The development of water treatment technologies to decolorize dyestuff effluents is a hot topic of research nowadays due to the several environmental concerns related especially to azo dyes (Nguyen and Juang 2013; Brillas and Martínez-Huitle 2015) . These emerging pollutants of concern generate visual pollution due to the coloration of water bodies, even at low concentration. The water coloration reduces the sun irradiation penetration affecting the aquatic ecosystems. Eutrophication and/or odor alteration have been also related to dyed effluents (Thevenon et al. 2011) . Furthermore, undesired side effects of several dyes as pollutants are associated to their toxicity, mutagenicity, and suspected carcinogenity (Wang et al. 2010; Couto et al. 2013; Freeman et al. 2013; Florenza et al. 2014) . Thus, the treatment of industrial effluents containing azo dyes is of great relevance (UNESCO 2012) . However, the high stability of these compounds undermines their effective removal from water bodies by conventional water treatment technologies (Brillas and Martínez-Huitle 2015) . The numbers are more worrying when it is evaluated as a function of the dye manufacture, which supposes Responsible editor: Angeles Blanco * Sergi Garcia-Segura sergigs_87@hotmail.com more than 7 × 10 5 tons of annual production. After their usage in dyestuff baths, more than 280,000 tons/year are directly discharged as wastewater effluents. Hence, a simple calculation highlights that about 40% of the annual production will become a pollution problem (Robinson et al. 2001; Solís et al. 2012) .
In consequence, the development of alternative efficient water treatment technologies to deal with this serious environmental issue is of crucial relevance. In this context, the electrochemical advanced oxidation processes (EAOPs) can be considered as a promising technology to reduce the environmental impact of dyeing industry (Panizza and Cerisola 2009; El-Ghenymy et al. 2014; Moreira et al. 2017; Garcia-Segura and Brillas 2017) .
Among EAOPS, the electrochemical oxidation (EO) is one of the technologies that has been more thoroughly studied according to the literature (Panizza and Cerisola 2009; ElGhenymy et al. 2014; Martínez-Huitle et al. 2015; Brillas and Martínez-Huitle 2015) . The EO process is based on the use of anodic materials of high-over potential of oxygen evolution that yield
• OH as intermediate of the water oxidation from reaction (1) instead of releasing oxygen from reaction (2) Moreira et al. 2017) .
where M(
• OH) represents the adsorbed
• OH onto the anode surface M. Thus, the electrogenerated • OH acts as mediator on the mineralization of organic pollutants (Rajkumar et al. 2007; Ramírez et al. 2013; Aquino et al. 2014; de Araújo et al. 2015) . It is important to stress that differently to other alternative methodologies, EO treatment of actual effluents is reported in recent literature (Tsantaki et al. 2012; Solano et al. 2013; Moreira et al. 2017) .
On the other hand, EAOPs based on the Fenton's chemistry arise as new high efficient alternative technologies. The electro-Fenton (EF) process consists on the cathodically generation of hydrogen peroxide from the oxygen reduction (3) onto carbonaceous cathodes (Brillas et al. 2009; GarciaSegura and Brillas 2014) . Afterwards, the hydrogen peroxide reacts with catalytic amounts of Fe 2+ in solution yielding great amounts of homogeneous • OH from Fenton's reaction (4). Furthermore, the efficacy of EF can be enhanced by the integration of EO in the same electrochemical cell, which makes this technology highly promissory. As reported by several studies, EF process is able to completely mineralize different kind of pollutants such as pharmaceuticals (El-Ghenymy et al. 2013; Olvera-Vargas et al. 2016) , pesticides (García et al. 2014; Iglesias et al. 2015) , or dyes (Khataee et al. 2012; Moreira et al. 2013; Thiam et al. 2015) in short times of treatment, just in few hours.
However, the reported results are focused on the treatment of one azo dye molecule selected as model pollutant and try to generalize the performances of the processes which are not transposable. In the present study, the influence of different functional groups in the dye structure on the electrochemical decolorization performance was evaluated. Four different reactive azo dyes of identical basis structure but different functional groups were selected (see Table 1 ): Reactive Orange 16 (RO16), Reactive Violet 4 (RV4), Reactive Red 228 (RR228), and Reactive Black 5 (RB5). These dyes are widely used at Brazilian textile industry in different pigmentation methods such as Pad steam, Pad batch, or Pad-dry among others. These processes consume a large volume of water that is discarded after the dyebath containing dyes as pollutants. The main goal pursued herein is to understand how different functional groups affect the decolorization kinetics and the efficiency performances of the EAOPs. From the technological and engineering application point of view, the understanding of the influence of molecular structures on the operational time required to decolorize the industrial effluents to attain the release limits defined by law is of high relevance. These are the challenges inquired by the industry to consider the feasibility of these novel technologies, and no attempts have been published in the literature yet. In this context, the analysis of these results would provide valuable information to better understand the fundamentals of the EAOPs and to clarify the relationship between molecular structure and decolorization performance by means of emerging electrochemical technologies.
Experimental Chemicals
All the azo dyes included in this study (RO16, RV4, RR228, RB5) were supplied by Dystar (Brazil). The characteristics and chemical structures of these azo dyes are summarized in Table 1 . The pH was adjusted prior to the experiences using H 2 SO 4 or NaOH of analytical grade supplied by SigmaAldrich. Iron sulfate used as Fenton's catalyst and sodium sulfate used as supporting electrolyte were of analytical grade supplied by Merck. All solutions were prepared with highpurity water obtained from a Millipore Milli-Q system with resistivity > 18 MΩ cm at 25°C.
Electrochemical systems, apparatus, and analytical procedures
Comparative electrolyses were conducted at bench scale using a monocompartimental electrochemical cell thermostated at 35°C. The anodes were either a platinum plate or a BDD plate, while the cathode was a carbon polytetrafluoroethylene air diffusion electrode (ADE) mounted as described elsewhere (dos . The EF experiments were conducted using BDD anodes. The gap distance between electrodes was ca. 1 cm, and the geometric area was 3 cm 2 for all electrodes. Since the ADE requires a continuous flow of air passing through in order to electrogenerate H 2 O 2 from reaction (3), an air pump was used to ensure the ADE fed of air at 300 mL min
. A catalytic amount of 0.5 mM of Fe 2+ was added when EF experiences were carried out since this is the optimum concentration found in previous works reported in the literature on the treatment of azo dyes by EF (Moreira et al. 2017) . The electrodes were reused in all the experiments conducted obtaining reproducible results, which is an indicative of their high durability and reusability.
The pH of the treated solutions was adjusted at pH 3.0 using a pH-meter Tecnopon mPA-210. Note that pH 3.0 is defined by several authors as optimal operational condition for Fenton and EF processes (Brillas et al. 2009; Moreira et al. 2017) . Additionally, the initial pH of some dyeing bath effluents is acidic (ca. pH 3.0), being similar to the experimental conditions considered herein. The absorbance was determined using an UV-Vis spectrophotometer Analytikjena SPECORD 210 PLUS at the maximum absorptivity of each azo dye: λ max . = 429 nm for RO16, λ max . = 544 nm for RV4, λ max . = 527 nm for RR228, and λ max . = 592 nm for RB5, respectively. From the registered UV-Vis spectra, the percentage of color removal of the solution during the electrochemical treatments was estimated from eq. (5) (Brillas and Martínez-Huitle 2015; dos Santos et al. 2016) :
where A 0 is the initial absorbance and A t the absorbance at the electrolysis treatment time t.
Results and discussion
Decolorization performance of electrochemical advanced oxidation processes Figure 1 depicts the electrochemical treatment of 100 mL of 0.40 mM of RO16 by means of EO and EF. As can be seen, the decolorization performance by EO depends on the anodic material used. While almost complete decolorization is attained after 360 min of electrolyisis with BDD anode, solely a poor 68.0% is attained with Pt anode. It is important to stress that although both anodes present a high overpotential of oxygen evolution, the intrinsic electrocatalytic properties on the electrogeneration of M(
• OH) play a key role on decolorization kinetics (Kapalka et al. 2008; Garcia-Segura et al. 2015) . So, the different performance of these anodes is related to the enthalpy of adsorption of the • OH radicals onto the anode surface. The M(
• OH) is strongly chemisorbed onto the Pt surface, where higher oxides became the main oxidant mediators from reaction (6) (Panizza and Cerisola 2009) .
Then, in this case, these species are less reactive than the physisorbed BDD(
• OH) electrogenerated on BDD surface, which presents in comparison a higher lability and oxidability. These behaviors are in agreement with the results previously reported in the literature where BDD is considered a Bnonactive^anode that favors a complete mineralization of organics (Kapalka et al. 2008; Panizza and Cerisola 2009; , whereas Pt is classified as an Bactive^anode which promotes principally electrochemical conversion reactions mediated by MO species.
While another insight on the EAOP performance on RO16 decolorization depicted in Fig. 1 evidences the decolorization kinetics enhancement by EF approach, achieving complete decolorization after 40 min of treatment, the estimation of the pseudo-first-order kinetic constants of decolorization (k dec ) from the absorbance values clearly evidence the difference between these EAOPs. Results showed more than one magnitude order of difference between the values for EO with Pt anode, EO with BDD and EF, 4.67 × 10−5 s −1 (R 2 = 0.997), 1.38 × 10 −4 s −1 (R 2 = 0.967), and 1.92 × 10 −3 s −1 (R 2 = 0.991), respectively. This trend is an indicative of the predominant destruction of the azo bond of RO16 by the • OH yielded in the bulk of the solution by Fenton's reaction (Garcia-Segura et al. 2011; Florenza et al. 2014) . It is important to remark that these oxidant species, contrarily to the electrogenerated M(
• OH), are not limited by mass transfer, then, justifying the quicker decolorization achieved during the process (Brillas et al. 2009; Garcia-Segura and Brillas 2014) . sequence EO-Pt < EO-BDD < EF, which corresponds to the similar trend observed on the treatment of RO16. Thus, these findings corroborate the higher oxidation ability of BDD(
• OH) than Pt(
• OH) due to their different electrocatalytic properties (Kapalka et al. 2008; Garcia-Segura et al. 2015; Brillas and Martínez-Huitle 2015; Martínez-Huitle et al. 2015) . Apart from that, this trend confirms the predominant role of homogeneous • OH on the decolorization by indirect electrochemical processes based on Fenton's reaction chemistry.
Comparative decolorization: influence of dye structure Even though the decolorization percentage removal for the treatment of different reactive azo dyes (see Table 1 ) under similar experimental conditions follows permanently the sequence EF > EO-BDD > EO-Pt, the decolorization efficiency is completely different when the performance for different dyes is compared for the same electrochemical process. It can be deduced from Fig. 2 that the functional groups and side chains play a key role on the decolorization kinetics, affecting the efficiency of the processes.
It is possible to infer that there are also some differences on the decolorization rate between both RO16 and RV4 (Fig. 2) . In the case of EO, this difference is more appreaciable, while a slight difference is observed on the kinetic rate at EF tests. (R 2 = 0.996) for RV4 by EF treatment. These values show relative differences between the estimated constants of about 11, 13, and 16%, respectively. This behavior could be related to the structural differences between RO16 and RV4. Analyzing the structural differences collected in Table 1 , we can conclude that the presence of an additional sulfonic functional group (highly electronegative functional group) in RV4 dye with respect to RO16 chemical structure could promote the electrophilic attack of • OH radical species. The
• OH attack leads to the pollutant hydroxilation and the subsequent cleavage of the azo bond (the cromophore group) (Vasconcelos et al. 2015) . In this frame, the enhancement on the decolorization efficiency is directly related to the functional groups and their position in the molecular structure of these dyes (Garcia-Segura et al. 2011; Araújo et al. 2014; Vasconcelos et al. 2015) . In fact, this effect is more significant when more clear changes are observed in the chemical structure. As can be seen also in Fig. 2, RO16 and RV4 showed a fast decolorization kinetics in comparison with the RR228 and RB5 dyes, by using EO or EF approaches. An inspection of Table 1 reveals that the basic molecular structure for the four reactive azo dyes is equivalent. However, RR228 presents a longer side chain as functional group, and RB5 has an extra azo bond. In effect, the slower decolorization observed on the treatment of RR228 solutions is related to the ciclopropil side chain of the amino group. Analyzing the chemical structure of RR228, it is evident that the side chain presents electronegative heteroatoms (S, N, and O) that increase the nucleophilicity of its carbon atoms, directing the attack of oxidant species. Accordingly, the • OH attack will occur preferently on the side chain atoms reducing the azo bond breakage reaction rate. Another feature is that the high tension of ciclopropil ring also favors the hydroxilation and consequently, this ring opening On the other hand, the slower kinetics observed on the treatment of RB5 is directly associated to the presence of an additional azo bond as additional chromophore group (GarciaSegura et al. 2011; Vasconcelos et al. 2015) . The increase in the number of azo bonds per molecule forms a larger and more stable conjugated π system (cf. . Another important feature is that the increase on the recalcitrant character of the target pollutant favors the enhancement of parasitic reactions. The parasitic reactions consume the electrogenerated • OH, therefore avoiding the organic reactions related to the mineralization nor decolorization. Several parasitic reactions are feasible; however, the most common are (i) the oxygen evolution from BDD(
• OH) by reaction (7), the dimerization of (10) and (11) (Andrade et al. 2009; Brillas et al. 2009; Özcan and Gençten 2016) .
BDD
Based on these behaviors, it is evident that the functional groups in the chemical structure of dyes affect the electrochemical treatment performances. The modification of the pollutant nucleophilicity modifies the rate and extension of hydroxilation reactions by • OH that conducts to solution decolorization. Also, these functional groups contribute to the enhancement of the parasitic reactions and consequently, a diminution of the overall decolorization efficiency of the electrochemical treatment approaches.
Effect of electro-Fenton operational parameters on decolorization
From the results reported formerly, it can be concluded that EF process decolorizes faster and more efficiently the dyebath solutions than EO approach. Thus, the influence of operational parameters on EF performance has been evaluated. Among operational conditions, the applied current density (j) is the most influential parameter as long as the electrochemical process kinetics depends on the number of electrons circulated through the system (Zhou et al. 2012; Thiam et al. 2015; Fernandes et al. 2016) . Figure 3 depicts the decolorization attained vs time at different applied j on the treatment of RO16, RV4, RR228, and RB5. As can be seen in Table 2 , an increase on the applied j accelerates the decolorization rate, achieving higher color removal efficiencies in shorter times of treatment. However, the decolorization kinetics depends also on the target pollutant even when j is raised, remaining the sequence unchanged RV4 < RO16 < RB5 < RR228. Thus, the functional groups are an undenieable key parameter that affects the kinetics of the treatment.
A significant increase is achieved when the j raises from 16.6 to 33.3 mA cm , leading approximately to 3-folds of difference in all cases. Meanwhile, further increases lead to differences of about 1.2 or 1.5-folds in k dec values. This behavior indicates that an increase in j accelerates decolorization kinetics, but it also enhances simultaneously parasitic reactions that consume
• OH and BDD( • OH) (such reactions (7)- (11)) (Andrade et al. 2009; Brillas et al. 2009; Özcan and Gençten 2016) . When the applied j is excesively increased, a great amount of electrogenerated oxidant species are consumed in side reactions limiting the decolorization of solutions. Furthermore, it is possible to infer that there is a decolorization kinetic limit that cannot be exceeded by increasing j once the maximum decolorization rate achievable has been reached (Garcia-Segura et al. 2011). Consequently, the increase of j over this limit only results on the unnecesary rise of the associated energy consumption and the operational cost of EF treatment, as it also occurs with other electrochemical technologies (Barhoumi et al. 2015; Madsen et al. 2015) .
From the results obtained, the application of 66.6 mA cm −2 allows to achieve fast and complete decolorization in shorter times almost identical to 100 mA cm −2 with lower energy consumption requeriments and so, a lower cost, being 66.6 mA cm −2 defined as the optimal operational condition.
The pollutant concentration in the effluents is a variable of high interest since it defines the operational range of the EF water treatment (Robinson et al. 2001; Solís et al. 2012; Nguyen and Juang 2013; Brillas and Martínez-Huitle 2015) .
Additionally, the initial concentration of the main pollutant affects the time required to achieve complete decolorization, influencing the overall process efficiency. Figure 4 shows the influence of the initial pollutant concentration for the four treated reactive azo dyes (RO16, RV4, RR228, and RB5) on the decolorization performance of EF treatment at 66.6 mA cm −2
. The treatment time required to achieve the same color removal percentage rises with the increase of reactive azo dye concentration in solution. This behavior can be ascribed to the fact that the same amount of electrogenerated oxidant species,
• OH and BDD(
• OH), has to react with greater amounts of organic species (the main pollutant and the byproducts released from its oxidation). Table 3 summirizes the determined k dec at the different treatment conditions, and it is possible to observe that an increase on the initial concentration of dye favors a decrease on the k dec value. This behavior is due to the preferential reaction of organics with
• OH) inhibiting or diminishing the extension of the parasitic reactions (7)- (11) together with the reduction of the competitive oxidation of iron (II) by reactions (12), (13), and (14) (Garcia-Segura et al. 2011) .
From the results reported in Fig. 4 , it can be concluded that independently of the initial reactive azo dye concentration, almost complete decolorization is achieved. However, longer treatment times will be required when higher initial concentrations have to be treated. In addition, at higher organic load, an activation time period could be required to initiate the decolorization process. This trend is associated to the fact that the initial hydroxylation reactions under high azo dye Environ Sci Pollut Res (2017) 24:24167-24176 concentration can conduct to the accumulation of colored byproducts in the initial steps rather than to the breakage of the cromophore azo bond that results in decolorization.
Restricting now our analysis to the same initial concentration of azo dye, the relative decolorization kinetics continues following the sequence RV4 < RO16 < RB5 < RR228 due to the influence of functional groups on the recalcitrant character of the treated pollutants.
Noteworthy is to realize the similar k dec values of RB5 and RV4 in Table 3 when those are compared in terms of total azo bond concentration (Garcia-Segura et al. 2011) . It should be remembered that RV4 and RB5 present exactly the same basic molecular structure (see Table 1 
Conclusions
The effectiveness of electrochemical advanced oxidation processes on the decolorization of azo dye solutions has been corroborated in terms of color removal by EO with Pt and BDD anodes as well as by EF process. The results demonstrate that the oxidation power and decolorization kinetics of these electrochemical technologies increased in the sequence EO-Pt < EO-BDD < EF regardless of the reactive azo dye treated. This trend is ascribed to the faster oxidation and higher reactivity of homogeneous transfer. In the case of EO, the obtained results demostrate the superior oxidation power of BDD (  • OH) than Pt( • OH).
Regarding on the effect of the molecular structure, the decolorization kinetics is independent of the electrochemical process used. The decolorization kinetics followed the removal order RV4 > RO16 > RB5 > RR228. The different color removal rate is clearly influenced by the functional groups, which are the main structural difference on the treated reactive azo dyes. These results point out that the modification of the pollutant nucleophilicity affects the extension of the electrophilic attack of M(
• OH) and • OH. Thereby, an increase in the recalcitrant character of the pollutant (i) increases the activation energy required for the radical attack, (ii) it enhances the parasitic reactions, and (iii) it diminishes consequently the overall decolorization kinetics. Moreover, it has been observed in the case of RB5 that the presence of an additional azo bond per molecule promotes a significant decrease on the decolorization process due to the formation of a larger and more stable conjugated π system. The evaluation of the influence of operational parameters on EF performance demonstrated that an increase in j enhances the decolorization kinetics because of the greater electrogeneration of BDD(
• OH) and • OH.
Nevertheless, the overall decolorization efficiency decreases due to the concomitant increase of parasitic reactions (as kinetic behavior) consuming these radicals in reactions that do not conduct to solution decolorization. On the other hand, the evaluation of the initial concentration of reactive azo dyes in solution demonstrated the wide range of applicability of EF to decolorize dyebath effluents. Even though longer operational times to reach complete decolorization are necessary at higher dye concentrations, no alteration on the decolorization order is attained, confirming that the chemical structure of the dye is a key parameter during its elimination. Finally, it is important to remark that EF approach must be performed at acidic conditions (aproximately pH 3.0), and these pH conditions are present in some effluents when it is generated after dyeing process in the industry; however, alkaline pH conditions are the most typical circuntances in textile wastewaters; then, the behaviors attained in this study can be different, and consequently, more studies must be done.
